Non-Hodgkin orbital lymphoma (NHOL) and idiopathic orbital inflammation (IOI) are common orbital conditions with largely unknown pathophysiology that can be difficult to diagnose. In this study we aim to identify serum miRNAs associated with NHOL and IOI. We performed OpenArray R miRNA profiling in 33 patients and controls. Differentially expressed miRNAs were technically validated across technology platforms and replicated in an additional cohort of 32 patients and controls. We identified and independently validated a serum miRNA profile of NHOL that was remarkably similar to IOI and characterized by an increased expression of a cluster of eight miRNAs. Pathway enrichment analysis indicated that the miRNA-cluster is associated with immune-mediated pathways, which we supported by demonstrating the elevated expression of this cluster in serum of patients with other inflammatory conditions. The cluster contained miR-148a, a key driver of B-cell tolerance, and miR-365 that correlated with serum IgG and IgM concentrations. In addition, miR-29a and miR-223 were associated with blood lymphocyte and neutrophil populations, respectively. NHOL and IOI are characterized by an abnormal serum miRNA-cluster associated with immune pathway activation and linked to B cell and neutrophil dysfunction.
Introduction
Non-Hodgkin orbital lymphoma (NHOL) is the most common orbital malignancy in adults [1] . Early and accurate diagnosis is essential to reduce metastatic spread, and avoid disease-related morbidity and mortality. NHOL can be lethal without timely intervention, but prognosis varies across disease subtypes [2] . Generally, NHOL first presents as a non-specific mass within the orbit or ocular adnexa, which may be difficult to differentiate from idiopathic orbital inflammation (IOI), the most common non-thyroid associated orbital inflammatory condition [3] [4] [5] [6] [7] . Consequently, an incisional biopsy is required to accurately diagnose both diseases [1, 8] . However, a surgical biopsy can be technically challenging in case of deep orbital localization of the mass, which increases the risk for complications and nonrepresentative tissue biopsies. Therefore, less invasive tools to differentiate NHOL from inflammatory orbital disease are warranted. Although imaging-based disease differentiation is advancing [9] , studies that explore bloodbased differentiation of NHOL and IOI are scarce. Additionally, the pathophysiology of NHOL and IOI remain largely unknown.
MicroRNAs (miRNAs) are small non-coding regulatory RNAs that are present in almost all biological tissues and regulate gene expression by interfering with RNA translation [10] . Changes in the composition of miRNAs are associated with a plethora of human pathologies, including inflammation and cancer [11] [12] [13] . Consequently, miRNAs are candidate biomarkers that may aid in diagnosis and prognostic studies [14, 15] . Direct comparison of the serum miRNA profile of NHOL and IOI is currently lacking, but may provide a framework for understanding the miRNA composition of these orbital conditions for future differentiation and elucidation of the underlying mechanisms involved. In this exploratory study, we identify and validate NHOL-and IOI-related miRNA profiles in serum of two Dutch cohorts of patients and controls. In addition, we reference six non-orbital inflammatory conditions as disease controls to better understand miRNA expression changes.
Results

Patients
Demographics of the discovery and replication cohorts of are described in Table 1 . Note, in both cohorts the mean age of the NHOL group was higher compared to the IOI and control groups, which is inherent to the representative age distribution for each of these conditions. In contrast, the mean age of the discovery and replication cohorts was similar for each orbital condition.
MiRNA analysis
To detect differences between NHOL, IOI, and healthy controls (HC), we performed a broad serum OpenArray R profiling of the discovery cohort ( Fig. 1A) . We detected 399 miRNAs of which 120 miRNAs remained after quality control (Supporting Information  Table S1 ). Principle component analysis of the serum miRNA iden-tified two samples that were considered technical outliers ( Fig. 1B ) that were excluded for further analysis because their expression levels strongly skewed group-level characteristics. In the remaining 31 samples, the overall miRNA expression was higher in the NHOL and IOI groups compared to the control group (Fig. 1C , Supporting Information Table S1 ). Head-to-head comparison of miRNA profiles between the investigated groups revealed several differentially expressed miRNAs (Fig. 2) . The most differentially expressed miRNAs were found when comparing each of the orbital disease groups with controls. The mean levels of miRNAs were slightly higher in the IOI compared to NHOL group, but only U6 small nuclear RNA (U6 snRNA) exceeded the fold change (FC) >2.0 and p < 0.05 criterion ( Fig. 2A) . A total of 12 miRNAs were selected for technical validation (Supporting Information  Table S2 ). This selected panel consisted of the most differentially expressed miRNAs (miR-29a-3p, miR-193a-5p, miR-223-3p, miR-223-5p, miR-148a-3p, miR-365a-3p, miR-143-3p, and U6 snRNA, see Fig. 2 ) and miR-140-5p, miR-215-5p, and miR-491-5p that are associated with inflammation and neoplasm [16] [17] [18] , and highly correlated with the differentially expressed miRNAs (with a Spearman's ρ > 0.75). We also included miR-221-3p as a control in the validation phase, because this miRNA was not differentially expressed in the discovery cohort. The level of expression and variance of the selected miRNA panel considered for validation and replication was representative for the entire serum miRNA profile (i.e. not biased, Supporting Information Fig. S1 ). Analysis corrected for age and sex revealed no other miRNAs of interest for the comparison between NHOL and IOI.
A cluster of eight miRNAs is associated with NHOL and IOI
Having selected miRNAs of interest using the OpenArray R approach, we next aimed to validate the observations across technology platforms by measuring the levels of the twelve miRNAs using TaqMan single reverse transcription quantitative polymerase-chain reaction (RT-qPCR). We observed a strong correlation (ρ > 0.75; p < 0.01) between the expression levels obtained by OpenArray R and TaqMan RT-qPCR for 10/12 miR-NAs, and considered these miRNAs technically validated ( Fig. 3 , Supporting Information Table S2 ). Next, we aimed to replicate our findings in a second cohort of 32 patients and controls (Table 1 ). We measured the levels of the technically validated miRNA in serum of the second (replication) cohort by RT-qPCR and observed that 8/10 miRNAs were differentially expressed between the groups with consistent direction of effect compared to HC. These eight miRNAs were considered biologically replicated. (Fig. 3 , Supporting Information Table S2 ). Note that the expression levels of the biologically replicated miRNAs were significantly higher expressed in the disease groups compared to healthy controls ( Fig. 3 ). Comparison of the data of the eight miRNAs revealed strong correlation of the expression levels, indicating co-expression, which we will further refer to as a 'cluster' of miRNAs in serum of patients ( Fig. 4B ). 
Abbreviations: IOI, idiopathic orbital inflammation; NHOL, non-Hodgkin orbital lymphoma; HC, healthy control; EMZL, extranodal marginal zone lymphoma; DLBCL, diffuse large B cell lymphoma.
Other NHOL types were a small lymphocytic lymphoma in the discovery cohort and a mantle-cell lymphoma in the replication cohort.
Next, we combined the RT-qPCR data from the discovery and replication cohorts to investigate the discriminative power of the miRNAs between the NHOL, IOI, and HC group. We observed a statistically significant discriminative power (area under the receiver operator curve range 0.72-0.92) with several cut-off values with FC < 2 for all miRNAs in the cluster for the diseased groups compared to the control group (Supporting Information Table S3 ). We observed a low discriminative power between NHOL and IOI, owing to the larger variation in expression in patients. However, the mean expression levels for miRNAs of the cluster were all slightly higher in IOI patients compared to NHOL (Fig. 4C ). The expression levels of the eight miRNAs did not correlate with age and sex and consequently, correction for age and sex did not influence the outcome of the data.
The serum miRNA-cluster is typically increased in inflammatory disease
Since overall the miRNA-cluster showed the highest expression in IOI cases, we hypothesized that the cluster may regulate immune pathways and would also be elevated in serum of cases with other chronic inflammatory conditions. To investigate this, we determined the expression of the cluster in serum of 57 patients with noninfectious uveitis [16] , psoriasis, psoriatic arthritis, axial spondyloarthritis, and compared this to 26 unaffected controls. The serum miRNA profile for these conditions is outlined in Supporting Information Fig. S2 . Interestingly, we observed that in general the miRNA-cluster was upregulated in these inflammatory conditions (Fig. 4A ).
To explore the association of the miRNA-cluster with immune pathways in more detail, we used miRTargetLink [19] to extract putative gene targets of miRNA in the cluster. In total, 908 genes were reported to have evidence for interaction with any of the eight miRNAs. Pathway enrichment analysis was performed on the entire set of genes (n = 908) associated with this miRNAcluster, and revealed enrichment for pathways related to cancer and inflammation, including mitogen-activated protein kinase signalling, p53 signalling, and interleukin signalling ( Fig. 4D , and Supporting Information Fig. S3 ). A detailed pathway-enrichment analysis for each individual miRNA is outlined in Supporting Information Fig. S3 . 
The serum miRNA-cluster is associated with myeloid and lymphoid lineages
Having established the link between the miRNA-cluster and inflammation, we hypothesized that the expression levels of the miRNA-cluster in serum may inform on changes in the composition of blood leukocytes. To explore if the miRNA-cluster is associated with specific leukocyte populations in blood, we used miRNA profiling data of nine blood leukocyte populations (n = 108 samples). Considering the 12 selected miRNAs from the discovery cohort for principal component analysis, we observed that myeloid and lymphoid lineages could be distinguished primarily by the magnitude of difference of the levels of expression for miR-223-3p and miR-29a-3p ( Fig. 4E ). Indeed, miR-223-3p is predominantly expressed in monocyte, eosinophil, and neutrophil cells, while miR-29a-3p is more abundantly expressed in CD4 + and CD8 + T cells, B cells, and NK cells (Supporting Information Fig. S4 ). The increased expression of miR-223-3p and miR-29a-3p in certain leukocyte populations suggests that changes in leukocytes composition in blood may underlie the increase in the miRNA cluster in blood of patients with IOI and NHOL.
To test for associations between the blood leukocyte composition and serum miRNA levels, we evaluated the absolute frequency of several leukocyte populations in whole blood of both cohorts (Supporting Information Fig. S5A ). Although the frequency of all leukocyte populations in available whole blood of patients was within normal range (Supporting Information Fig.  S5A ), NHOL patients showed a higher mean neutrophil cell size compared to IOI patients (Fig. 4F ). In addition, the neutrophil cell size and serum miR-223-3p levels showed moderate positive correlation (Spearman's ρ = 0.56) in patients with IOI, but not in NHOL patients (Fig. 4G ). These analyses suggest that the serum miRNA cluster is associated with neutrophil status in blood.
The levels of miR-365a-3p correlate with serum immunoglobulin
Inspired by the observations of miRNAs and the leukocyte composition, we compared the identified miRNA levels in serum with available clinical and demographic parameters relevant for orbital diseases. Correlation analysis revealed no association between the levels of each of the eight miRNAs and age or sex. We did observe a correlation between miR-365a-3p and serum Immunoglobulin-G and Immunoglobulin-M in NHOL and IOI patients at nominal significance (Supporting Information Table S4 ). No notable correlations were found between any of the eight miRNAs and C-reactive protein, erythrocyte sedimentation rate, rheumatoid factor, antinuclear antibodies, or soluble interleukin 2 levels.
Because B cells are implicated in both the aetiology of NHOL and orbital inflammation, we finally compared the expression of 19 miRNAs previously implicated in B cell autoimmunity and B cell lymphoma between IOI and NHOL [20] . This analysis revealed that the mean expression of B cell associated miRNAs in serum was similar between NHOL and IOI patients (Supporting Information Fig. S5B ).
Discussion
In this study we discovered a remarkably similar miRNA profile for NHOL and IOI, and eight miRNAs were upregulated as part of a miRNA cluster in both NHOL and IOI compared to control. The eight miRNAs were found to be upregulated in several inflammatory diseases and related to inflammatory and oncological pathways.
With our results we show that local orbital disease leaves a molecular footprint in peripheral blood. This is consistent with other studies that reported changes in miRNA composition in tissues distinct from the primary location of clinical disease [16, [21] [22] [23] . Previous studies have investigated miRNA profiles in non-Hodgkin lymphoma, most often the diffuse large B cell lymphoma subtype (DLBCL) [11, 14, 24] . DLBCL is a relative infrequent subtype of NHOL [2] , reflected by only two cases in our study. In contrast, the most frequent NHOL subtype in our study was extranodal marginal zone lymohoma (EMZL), for which serum miRNAs studies are rare [11, 24] . Nonetheless, studies of lymphoma biopsies have shown an increased expression of miR-223 and miR-193 in EMZL [25] , and a downregulation of miR-29a, miR-223, and miR-140 in DLBCL [26] . This makes it tempting to speculate that the here-identified miRNA-cluster orchestrates pathological mechanisms associated with non-Hodgkin lymphoma, although the spatiotemporal miRNA expression may be dependent on the subtype of disease.
Additional analysis sheds light on the function of cluster of miR-NAs: we demonstrate that the miRNAs associated with NHOL are shared with a wide variety of chronic (orbital) inflammatory conditions, strongly suggesting that these miRNAs function in immunemediated pathways and may be considered "pan-inflammatory". Indeed, pathway enrichment analysis for miRNA-target genes supports the hypothesis that these miRNAs regulate inflammatory and interleukin signalling. This is further supported by geneexpression studies of orbital biopsies that show interleukin, interferon, and TGF-signalling involvement [27, 28] . NHOL is driven by chromosomal translocations that drive B cell malignant growth [29] accompanied by chronic immune activation [30, 31] . The precise aetiology of IOI is unknown, yet B cell infiltration is also observed in IOI biopsies [27, 32] . Although the serum concentration of B cell associated miRNAs was similar between NHOL and IOI patients (Supporting Information Table S4 ), we observed that the mean levels of miRNAs in the identified cluster were slightly increased in IOI patients compared to NHOL. This increase is of interest because miR-148a and miR-365 of the cluster are linked to specific B cell mechanisms. The microRNA miR-148a is a key regulator of B-cell tolerance and causes lethal autoimmune disease when increased in lupus-prone mice [33] . For miR-365, we observed that the expression correlated with serum IgG and IgM. MiR-365 has been shown to regulate IL-6 signalling, which is important for B-cell differentiation [34] . Noteworthy, the levels of miR-148a and miR-365 were not linked to the general B cell population (Supporting Information Fig. S4) . Therefore, future studies on miR-148a and miR-365 in specific B cell populations may aid in the differentiation of NHOL from IOI.
MiRNAs derived from leukocytes in blood are a major source of serum miRNAs and we observed that miR-223-3p and miR-29a were strongly associated with myeloid and lymphoid populations, respectively. A major source of miR-223 in blood is neutrophils [35] . Although the neutrophil frequency in whole blood was not increased in patients with NHOL and IOI, we did observe that the neutrophil cell size in NHOL patients was higher compared to IOI. Note that the neutrophil cell size showed a wider ranger in IOI patients and exhibited a positive correlation with the serum levels of miR-223-3p in serum of IOI patients. As we observe a 'pathological' increase of miR-223-3p in orbital disease, the increased neutrophil cell size could therefore be related to disease mechanisms. For example, blood neutrophil size increases after stimulation with various agonists [36] . Neutrophils are known to infiltrate lymphoma tissues where they can produce APRIL, a potent factor that can induce B cell neoplasia and is linked to tumor aggressiveness and disease outcome [37] . Alternatively, neutrophils have been shown to protect lymphoma B cells against chemotherapeutic agents by direct cell interaction [38] . These neutrophil functions support a role for neutrophils in NHOL, but follow-up studies on the relation between miR-223 and neutrophils in NHOL are warranted. This relation may be of interest since the serum levels of miR-223 have been linked with poor cancer prognosis [39] . Considering these associations, more detailed investigation of circulatory cellular compartments and neutrophil populations could reveal changes in other leukocyte populations that may differentiate NHOL from IOI. The lack of association between miRNA levels and other clinical parameters may in part be caused by heterogeneity among patients. We noted that the expression of cluster miRNAs was highly variable amongst patients. Better understanding of this heterogeneity and the link to disease outcomes may provide opportunities to conduct personalized therapy adjustments or prognosis predictions.
Using discovery, technical validation and independent replication of serum miRNAs we showed high concordance of the OpenArray R with targeted RT-qPCR. Although the Area Under the Receiver Operating Characteristics suggest that subtle changes in miRNA levels in serum (FC<2) may be relevant to distinguish patients from controls (Supporting Information Table S3 ), we show that reproducible changes in miRNAs are the best in those with FC > 2. This suggests a limitation of the OpenArray R platform, as it may be less sensitive to accurately detect subtle differences in miRNA expression, and small RNA sequencing would be more appropriate to further investigate other candidates. We aimed to identify miRNAs that were distinct between NHOL and IOI, but identified strong disease signatures that were shared by these conditions. NHOL covers several disease subtypes with varying disease course and underlying molecular circuitry [1] . Most NHOL were of the EMZL subtype in this study (Table 1 ) and we were therefore unable to compare NHOL subtypes. Previously, a comparison of miRNA profiles in NHOL tissue of EMZL and DLBCL have been found to differ [40] , although this was not compared in peripheral blood and did not include a control group. Three NHOL patients included in this study had a history of lymphoma in remission. Although they could be considered secondary NHOL, their results were comparable to the NHOL group as a whole and were not considered outliers within the data. Idiopathic conditions such as IOI that are diagnosed based on exclusion may show relatively high variability of disease characteristics, which would require large sample size to dissect disease endotypes to better differentiate these from NHOL. The variability within the IOI population is supported by previous gene expression studies that suggest overlap between an IOI subgroup and disease such as GPA [28] . However, IOI remains a clinical entity [7] , classically treated with oral immunosuppressant therapy [4, 6] .
Our study suggests that serum miRNAs analysed by the OpenArray R platform provide no feasible clinical biomarkers to differentiate NHOL from IOI. However, the results of the current study should be considered a stepping-stone into deeper understanding the close relation between these orbital pathologies and guide future studies that use molecular phenotyping for differentiation. For future studies we would recommend the use of functional experiments for the miRNA cluster found in this study. Additionally, peripheral blood immune-phenotyping could reveal cell-types of interest for differentiation of NHOL and IOI.
In conclusion, we observed overlapping serum miRNA profiles between NHOL and IOI, and identified a pan-inflammatory miRNA-cluster upregulated in patients of both diseases compared to controls. The findings of this study bring new insights in the complex and possibly overlapping pathophysiology of NHOL and IOI.
Materials and methods
Ethical considerations
This cross-sectional case-control study was conducted in compliance with the Helsinki principles. Ethical approval was requested and obtained from the local Medical Ethical Research Committee in Utrecht and all patients signed written informed consent before participation.
Discovery and replication cohorts
In total, 40 NHOL (n = 18) and IOI (n = 22) patients and 25 unaffected controls (HC) were included in this study (Fig. 1A) . All patients were recruited at the department of Ophthalmology at the University Medical Center Utrecht, Utrecht, The Netherlands between February 2015 and May 2018. We performed serum miRNA experiments in a discovery cohort (NHOL: n = 10, IOI: n = 14, HC: n = 9) and one year later a replication cohort (NHOL: n = 8, IOI: n = 8; HC: n = 16).
All patients were diagnosed by an ophthalmologist specialized in orbital diseases. NHOL patients were diagnosed following WHO criteria with histopathological assessment of incisional biopsies [41] . Within the histopathologic examination, the pathologist assessed B and T cell specific markers (CD3, CD5, CD20, CD79α) and specific B cell subset markers (BCL2, BCL6, CD10, CD23, CD30, Cyclin D-1, MUM-1, and κ and λ light chains) for NHOL subtyping. Additional molecular analysis included PCR to assess monoclonality in all but two biopsies and translocations were assessed by fluorescence in situ hybridization in patients with DLBCL.
IOI were diagnosed based on exclusion of infection, specific orbital inflammatory disorder (e.g. thyroid eye disease, granulomatosis with polyangiitis (former Wegener's disease), sarcoidosis, primary Sjögren's syndrome, benign lymphoid hyperplasia, histiocytic disease or IgG4-related pathology), or malignant neoplasia based on consensus criteria [7, 8] . Histopathological confirmation of incisional biopsies was obtained in all patients, except in patients with idiopathic myositis (n = 6). All IOI biopsies revealed a non-specific polymorphous plasmalymphocytic infiltrate, negative for IgG4, with or without the presence of neutrophils, eosinophils, histiocytes, and macrophages, and varying amounts of fibrosis in the connective tissue. Idiopathic myositis was diagnosed based on the presence of pain, diplopia, (paretic) motility reduction, and pain with eye-movement, negative laboratory findings (e.g. negative antibodies and normal serum IgG4 levels) and extra-ocular muscle swelling with contrast-enhancement on magnetic resonance imaging [7] .
All patients had blood withdrawal at the time of diagnosis in active disease and before treatment initiation. Additionally, none of the patients received systemic corticosteroids three monthsor immunomodulatory treatment in the last six months -prior to blood withdrawal, except for one patient of the validation cohort (low dose of 2.5 mg oral prednisolone daily). Also, patients had not received radiation treatment or chemotherapy in the last year before sampling. A total of 25 anonymous blood-donors with no history of inflammatory disease or malignancies were included as an unaffected control group.
Reference cohorts
To assess specificity for orbital disease associated miRNAs, we included local and systemic inflammatory reference groups of which OpenArray R miRNA data was available in our center. OpenArray R data were obtained for 28 patients with anterior uveitis, idiopathic intermediate uveitis, and Birdshot uveitis, and 16 controls from a recent serum miRNA profiling study [16] . In addition, we collected serum from 29 patients with psoriasis, psoriatic arthritis, axial spondyloarthritis, and 10 controls, of which data has not been published previously and therefore described in more detail. Briefly, patients were recruited from the Department of Rheumatology & Clinical Immunology of the University Medical Center Utrecht, Utrecht, The Netherlands with active disease and were free from systemic immunomodulatory treatment at the time of blood withdrawal. Psoriasis patients were diagnosed by dermatologists with a consultation by a rheumatologist. Psoriatic arthritis was classified by a rheumatologist following the CAS-PAR criteria [42] , and axial spondyloarthritis was classified by a rheumatologist in accordance with Assessment of SpondyloArthritis International Society classification criteria [43] .
OpenArray R profiling
Blood was drawn in serum tubes containing separating gel and clot activator (BD Vacutainer), rested for 30 min at room temperature and centrifuged for 10 min at 2000 × g. Serum was isolated and stored at −80°C until measurements were performed as previously described by Verhagen et al. 2018 [16] . In brief, RNA was extracted from 200 µL serum using Exiqon's MiRCURY TM RNA Isolation Kit for biofluids (Exiqon, Denmark), according to manufacturer's instructions. We used non-human miRNA (ath-miR-159a) as spike-in control for normalization in data-analysis. Screening for miRNAs was performed using Taqman Flex Real-Time PCR system (Thermo Fisher Scientific, USA). The miRNA expression levels were analysed using the ThermoFisher Cloud software v1.0 (www.thermofisher.com). Samples with an amplification score <1.25 were excluded and the expression levels converted to the platforms relative cycle threshold (Crt) values. MiRNAs with a mean Crt > 27 were considered to be below the detection level and excluded from further analysis. For the included miRNAs (mean Crt < 27 in all samples), individual samples with Crt > 27 were set to Crt = 27. We excluded miRNAs for further analysis if these were detected in <80% of all samples. The relative expression was defined as the Crt value, which is calculated to normalize the data by subtraction the mean Crt-value of the spike-in control from the mean Crt for each miRNA ( Crt = Crt mean target -Crt mean spike-in ). Differences in miRNA expression levels were assessed comparing the comparative threshold cycle method [44] . Relative miRNA expression levels are presented as Fold Change (FC = 2 -Crt , where Crt = Crt sample -Crt reference ) with a mean Crt of the control group as reference (set at mean FC = 1). We considered differentially expressed miR-NAs with a threshold values of FC > 2.0 and p < 0.05. We selected miRNAs for validation based on a combination of the highest FC difference and lowest p-values between the study groups, and strong correlations. A non-differentially expressed miRNA was taken along as control.
Single RT-qPCR assay for validation
Single TaqMan RT-qPCR was performed for 12 miRNAs selected for validation (Supporting Information Table S2 ). The cDNA was synthesized from 2.5µL RNA using individual miRNA-specific stem-loop primers according to manufacturer's instructions in the presence of 3.3 U/µL MultiScribe RT enzyme (Thermo Fisher). After addition of the TaqMan Fast Advance Master Mix and specific primers, miRNA expression was quantified in duplicate using the QuantStudio 12 K Flex Real-Time PCR system. Anth-miR-159a was used as the spike-in control. Technical validation was defined as strong correlation (Spearman's ρ correlation > 0.75 and p < 0.05) between Ctr values from the OpenArray and cycle threshold (Ct) values from the RT-qPCR assay for each individual miRNA target. Next, technically validated miRNAs were independently assessed using a second cohort (n = 32) for biological replication. Analysis of relative miRNA expression for the RT-qPCR assay was similar to the analysis of the OpenArray R profiling, using the median Ct value for the control group as a reference (set at 1).
Statistical analysis
The discovery cohort analysis of the OpenArray R profiling was performed within the Thermo Fisher Cloud software and the replication cohort using IBM SPSS Statistics for Windows, Version 25.0, released in 2017 (Armonk, NY: IBM Corp). The Thermo Fisher Cloud software exploits an independent samples t-test to compare Crt data to one randomly selected representative reference control sample using a two-tailed p-value threshold of 0.05. For technical validation of the discovery cohort for OpenArray R and RT-qPCR array data we used the Spearman rank correlation test. For comparison with the discovery cohort we used an independent samples t-test for the replication cohort. For the analysis of the combined discovery and replication cohorts we used the Kruskal-Wallis test with post-hoc Dunn's correction to adjust p-values. Additionally, a Benjamini-Hochberg correction was deployed on the combined cohort results to correct for multiple testing [45] . We associated miRNA expression with clinical characteristics (Supporting Information Table S4 ) using the Ct of the combined analysis (both cohorts). Principal component analysis and hierarchical cluster analysis of the OpenArray R data were conducted using the MetaboAnalyst servers v4.0 or the heatmap.2 function in the R gplot package [46] . GraphPad Prism (GraphPad, La Jolla, CA, USA) was used for violin-and volcanoplots.
MiRNA gene target analysis
Target genes of the validated miRNAs were mapped using miRTar-getLink [19] . The R package clusterProfiler was used for pathway enrichment analyses [47] , exploiting the Kyoto Encyclopaedia of Genes and Genomes (KEGG) pathways [48] and Reactome Pathway Knowledgebase [49] databases.
MiRNA profiling in circulatory leukocyte cell subsets
Global MicroRNA expression data of nine primary purified leukocyte populations were derived from four non-coding RNA microarray data sets available via the Gene Expression Omnibus public repository of the NCBI (accession no. GSE19183, GSE28487, GSE28489, GSE98830). The FACS-sorted populations were obtained from 12 unaffected controls and include multiple populations from the same individuals. Raw data scans (.CEL files) were read into R (R version 3.3.2). Samples were preprocessed with Affy package version 3.3.1 for Affymetrix Multispecies miRNA-1 Array and Limma package version 3.3.3 for Agilent-021827 Human miRNA Microarray. A total of 825 overlapping human micro-RNAs for 108 samples were pooled and quantile-normalized. A principle component analysis was performed to interrogate miRNA expression profiles for the selected miRNAs of the validation phase (except for U6 snRNA that was not available within the dataset) using MetaboAnalyst 3.05 with the exception of the first component to reduce technical variation and batch effect [50] .
Whole blood leukocyte counts
Leukocyte counts, leukocyte subset counts, as well as leukocyte cell size and leukocyte complexity in blood were obtained for most patients from routine analysis of whole blood samples by the CELL-DYN Sapphire (Abbott Diagnostics, Santa Clara, CA, USA), an automated routine haematology analyser that uses spectrophotometry, electrical impedance, and laser light scattering [51] . The neutrophil cell size and complexity were determined by optical scatter using 0°Axial Light Loss for cell size and 7°Intermediate Angle Scatter for complexity. CELL-DYN data from the Utrecht Patient Oriented Database (UPOD) were used. UPOD is an infrastructure of relational databases comprising data on patient characteristics, hospital discharge diagnoses, medical procedures, medication orders, and laboratory tests for all patients treated at the University Medical Center Utrecht, Utrecht, The Netherlands since 2004. UPOD data acquisition and management is in accordance with current regulations concerning privacy and ethics. The structure and content of UPOD have been described in more detail elsewhere [52] .
